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ABSTRACT:
The topological states of matters arising from the nontrivial magnetic configuration provide a better understanding of physical properties and functionalities of solid materials. Such studies benefit from the active control of spin orientation in any solid, which is yet known to rarely take place in the two-dimensional (2D) limit. Here we demonstrate by the first-principles calculations that spin-orientation dependent topological states can appear in the geometrically frustrated monolayer antiferromagnet.
Different topological states including quantum anomalous Hall (QAH) effect and timereversal-symmetry (TRS) broken quantum spin Hall (QSH) effect can be obtained by changing spin orientation in the NiTl2S4 monolayer. Remarkably, the dilated nc-AFM NiTl2S4 monolayer gives birth to the QAH effect with hitherto reported largest number of quantized conducting channels (Chern number = 4) in 2D materials.
Interestingly, under tunable chemical potential, the nc-AFM NiTl2S4 monolayer hosts a novel state supporting the coexistence of QAH and TRS broken QSH effects with a Chern number = 3 and spin Chern number = 1. This work manifests a promising concept and material realization toward topological spintronics in 2D antiferromagnets by manipulating its spin degree of freedom. (Figure 1a ). [26] [27] [28] [29] [30] Furthermore, the noncollinear noncoplanar magnetic configuration of solids can acquire an additional phase proportional to the spin chirality
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, which acts as a fictitious magnetic field yielding the topological Hall effect with nonzero Chern number of = ±1 (Figure 1b) . 31, 32 These nonvanishing conductivity in the frustrated antiferromagnets not only conflicts with the conventional wisdom that AHE is proportional to the total net magnetization, but also reminds us that novel topological states are related to the complex magnetic configurations therein.
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The spin-orientation dependent band structures and topological states arise from strong spin-orbit couplings and large magnetocrystalline anisotropy in bulk antiferromagnetic materials. However, two-dimensional (2D) antiferromagnetic monolayer is rarely reported to host spin-orientation dependent topological states to date.
Here we predict by first-principles calculations that the NiTl2S4 monolayer as a geometrically frustrated antiferromagnet has spin-orientation dependent topological states in 2D limit. We found that the noncollinear noncoplanar AFM (nc-AFM) state is a QAH insulator with a Chern number = −4 around the Fermi level significantly different from the state with noncollinear coplanar magnetic configurations. This antiferromagnetic monolayer has the largest number of quantized conductance channels hitherto found ever to the best of our knowledge. Interestingly, by tuning the chemical potential, a novel topologically nontrivial phase appears exhibiting both QAH and TRS broken QSH phases simultaneously which arises from the complex spin texture in the momentum space.
As shown in Figure 2a Figure 2a ) has a CaCl2-type structure and the remaining Tl-S part on both side of NiS2 shares the same structural motif with GaSe. [34] [35] [36] [37] [38] [39] [40] [41] As a candidate of spin liquid material, bulk NiTl2S4 is one of the member of large family of triangular lattice antiferromagnets NiX2Y4 (X = Ga, In, Tl, Y = S, Se) compounds. [34] [35] [36] [37] [38] As a result, NiTl2S4 monolayer can host a large number of entangled magnetic configurations with coherence beyond the two-spin correlation length at extremely low temperature. 38 Nevertheless, we don't intend to enumerate exhaustedly all the possible magnetic configurations. For the convenience of DFT calculations, we studied the electronic properties of NiTl2S4 monolayer by considering possible magnetic configurations (Supporting Information Figure S2 ) up to four sublattices (2  2  1 supercell). 33, 42 We show below that the band structures of NiTl2S4 monolayer show strong dependence on the spin orientation. For example, the t-AFM configuration with 120º noncollinear coplanar magnetic configuration (inset of Figure 2c ) has the lowest total energy with an indirect band gap of 0.24 eV shown in Figure 2c . In contrast, the nc-AFM NiTl2S4 monolayer with noncollinear noncoplanar magnetic configuration (inset of Figure 2d ) is a semimetal as shown in Figure 2d and Figure S4c , which can be further fully gapped under 3% tensile strain in the whole Brillouin zone as shown in Figure 2d and Figure S5 .
Because of the broken time reversal symmetry, it is expected that the NiTl2S4 monolayer in both t-AFM and nc-AFM states has AHE. 43 To this aim, the anomalous
Hall conductivity of NiTl2S4 is calculated by using a tight binding Hamiltonian in 6 maximally localized Wannier functions (MLWF), which is used to fit the first-principles band structures. 44 The Ni d, Tl s and S p orbitals were used to constructed the Wannier Hamiltonian amounting to 114 and 152 trial atomic orbitals for t-AFM and nc-AFM configurations respectively. The DFT band structures fitted by Wannier Hamiltonian are discussed in the Figure S10 . The transverse Hall conductivity of t-AFM and nc-AFM NiTl2S4 is obtained using the Kubo formula:
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where ( ) is the Fermi occupation distribution, n lables the band number, and  denotes the z component Berry curvature. The Berry curvature  in the above eqs 1 can be determined from the Kubo formula as
where and are the Bloch wave function and eigenvalue of the n-th band at k point respectively, and ( ) is the velocity operator along x (y) direction.
Specifically, when the Fermi energy lies inside a gap, the quantized Hall conductivity is proportional to Chern number , namely = 2 ℎ ⁄ .
As shown in Figure 2e , the calculated anomalous Hall conductivity of t-AFM NiTl2S4 without SOC nearly vanishes, which is qualitatively consistent with those of the bulk Mn3Ir and Mn3Pt. 25, 26 After including SOC, the calculated anomalous Hall conductivity of t-AFM NiTl2S4 monolayer reaches its maximum value of 
is the topological charge density in momentum space. 49 We find from the real-spin textures and the topological charge density, as shown in Figure 3d Finally, we comment on the magnetic configuration and the corresponding topological states in monolayer NiTl2S4 and provide some clues to the experiment feasibility of our prediction. Bulk NiGa2S4 is a spin liquid material with numbers of magnetic configurations depending on the temperature. Previous experiments have confirmed the existence of noncollinear coplanar AFM configuration in bulk NiGa2S4. 38 In principle, the phase transition with different magnetic configurations can be realized by controlling the temperature. 28 As the same family of NiGa2S4, however, the electronic structures and magnetic configuration of bulk NiTl2S4 has never been reported before, which is a new system to certain extent. The topological states with different magnetic configurations in 2D NiTl2S4 can be, in a same way, measured using the transport experiment as mentioned in bulk Mn3Pt, Mn3Sn and NiGa2S4. 27, 38, 53, 54 The phase transition between different magnetic configuration in 2D NiTl2S4 can be studied by transport experiment with exactly controlled temperature.
ASSOCIATED CONTENT
The supporting information is available free of charge on the ACS Publications website 
